The longitudinal magnetoresistance of metals at different temperatures and strengths of the external magnetic field is examined with the aid of a simple single-band theory. The calculated data are compared with the experimental ones. The theoretical ratio between the longitudinal and transversal magnetoresistance approaches unity, whereas the observed ratio is rather below that value. For some metals (Al, Pt) the theoretical results are within the range of the measured data for the transversal and longitudinal resistance, or remain close to the limits of this empirical interval. In average, a relatively good agreement between experiment and theory is obtained for Al, Pt, Cu, Ag and In metals. PACS: 72.15.Gd, 72.15.Lh, 75.47.Np
Basic properties of the electron model
In general, the longitudinal magnotoresistance of metals seems to be less often investigated than the transversal effect. But a large experimental basis of a study on the magnetoresistance in general, makes a joint theoretical treatment of the transversal and longitudinal phenomena too large to be considered in a satisfactory manner within a framework of a single paper. This motivated me to present the longitudinal problem separately from the transversal one which is examined in [1] .
It can be noted that the physical parameters of a metal investigated experimentally are left essentially the same, or almost the same, in both transversal and longitudinal case. Since only directions of the examined current become different, our attention is focused, in the first step, on a comparison of the data for the longitudinal magnetoresistance with those obtained for their transversal magnetoresistance counterparts.
This kind of comparison is still more justified in the framework of the applied theory, because the longitudinal and transversal kind of magnetoresistance are, in fact, approached there on an equal footing. The formulae are based on the same one-electron approximation and, for reasons of the crystal symmetry chosen with respect to the magnetic field, a treatment of the longitudinal problem becomes much similar to that of the transversal one.
The model applied for the electron transport is descending from a single-band approach to the electric resistance which is next modified by the presence of the magnetic field. At the beginning, if the magnetic field is absent and only the electric field is active, the resistance of a metal which is isotropic with respect to a change of the Cartesian coordinate system x, y and z, is represented by a well-known formula * e-mail: olsz@ichf.edu.pl
The argument of zero entering both and the relaxation time τ in (1) refers to the magnetic induction B = 0, the electron mass is m and n s is the concentration of the electron carriers.
If the magnetic field is added to the electric field in direction parallel to the axis z, there is usually assumed another resistance tensor, namely [2] :
where
is the relaxation time in the presence of the magnetic field induction B and
is the angular frequency of the electron gyration in the magnetic field. In fact B in (4) is equal to B z . Usually it is assumed that in the presence of B different than zero the tensor (2) replaces tensor (1) . This implies only a slight, if any, change of τ (0), so
Our aim is to point out that (5) is by no means true. A basic property of τ (0) is that it does not change appreciably with the change of the intensity of an external electric field. This property does not apply, however, for the magnetic field and τ (B). A rather simple quantum--mechanical calculation shows (see [1] ) that, in fact, only the product ξ presented in (3) is independent of B, but not τ (B) alone. Therefore, we have that ξ = const.
But the same result of (6) can be attained also in an elementary way. The Peierls idea was [3, 4] that the main reason for magnetoresistance is the change of a free--electron progressive motion into a rotational motion due (525) to the magnetic field. In reality, the rotational motion is similar to a scattered motion in the sense that electrons change their direction of momentum roughly into an opposite direction. For the circulating electrons this momentum change is coming after the time period
where T per is a full period of the circulation. Formula (7) holds because after the time equal to T per /2 a quasi--progressive motion along an electron orbit performed in one direction is changed into a similar motion in an opposite direction. The time interval in (7) can be identified with the relaxation time in view of a similar property of τ (0) in the presence of the electric field alone: this τ (0) is a time interval in which an electron changes drastically its momentum due to a scattering process on the metal defects. In case of the presence of the magnetic field, the direction change of momentum, instead of defects, is dictated by the electron gyration due to the action of the magnetic field induction of the strength B.
Because of a fundamental relation
we obtain from (4), (7) and (8) the formula
which makes the relaxation time evidently dependent on B. In the next step, the product entering (3), or (6), becomes
(10) This result is applied in calculations in the remainder part of the present paper.
2. The change of the electric resistance due to the magnetic field We assume that an effective resistance tensor tot which reproduces the electric field components E λ from the current components j ν , namely (see e.g. [2] )
is a sum (0) in (1) and (B) in (2):
(12) Evidently, the component E z in (11) which is directed along the magnetic field is provided by a sum
which on the basis of (1) and (2) becomes
.
Therefore, in the presence of both the electric and magnetic field, the effective relaxation time is
The formula (15) represents an application of the Matthiessen rule for the component relaxation times entering (1) and (2).
A constant ξ taken from (3) or (10) implies that
In the computational practice applied to the longitudinal magnetoresistance we are interested in the ratio
The last step in (17) is obtained from the formula (16). (17) and (18)] and the experimental data [7] . Here only one IIIa group metal (Al) is taken into account. The meaning of parameters applied in calculations is the same as in Table II . A printing error of r in [7] for the temperature 20.4 K is removed by taking r from the experimental data for the transversal magnetoresistance given in the same reference handbook. A characteristic point obtained because of symmetry assumed for tensors (1) and (2) is that the transversal magnetoresistance calculated in x and y directions of the coordinate axes is expressed with the aid of the same formula as the longitudinal magnetoresistance in (17) examined along the direction of z. We have ∆ xx
In the remainder of the paper the results of (17) and (18) are applied in calculating the magnetoresistance of several metal cases. The calculations are next compared (Tables I-VI) with the experimental data. The measurements depend both on B and the metal temperature. The same property holds for the theoretical data: the dependence on temperature is due to the presence of τ (0) in (17) which is also a temperature dependent parameter. An experimental factor of r depending on the absolute temperature T couples τ (0) at the temperature of the resistance measurement with τ (B = 0, T = 273 K) which is the relaxation time τ (0) at T = 273 K. These τ (0) are listed in numerous tables (see [5, 6] ), in the present paper they are reported in Table VII .
We have the relation
On the right-hand side of (19) T is the temperature of the resistance measurement, the factor r on the left-hand side can be obtained from the experimental data for the ratio of the electric resistance at given T to the electric resistance at T = 273 K; see [7] . Evidently, the relaxation time τ (0) increases with a decrease of T .
The measurements of the magnetoresistance are done regularly at T smaller than 273 K. In consequence, r in (19) is usually smaller than 1 and τ (0) entering (17) and (18) becomes much larger than τ (0) listed in Table VII . The field B in kilogauss is substituted into the formulae (17) and (18) which give the data of Tables I-VI. In the metal practice the number of gauss is equal to that of oersteds quoted in numerous experiments (see e.g. An evident consequence of (17) and (18) is that both transversal and longitudinal magnetoresistance should be proportional to B; see (4) . This property is roughly confirmed for all measured data reported in Tables I-VI. TABLE VI Longitudinal and transversal magnetoresistance of IIb and IIIb group of metals (Cd, Ga, In). Theoretical data of (17) and (18) are compared with the experimental data in [7] . The meaning of parameters applied in calculations is the same as in Table II 3. Discussion As a rule the transversal magnetoresistance data attained experimentally at given B and T are larger than the longitudinal ones; see Table I where the empirical ratios β of the longitudinal measurements to the transversal ones are listed for several metals. An exception is the gallium metal for which approximately β ≈ 1. In general, our theory, which implies an equal size of resistance in both longitudinal and transversal field directions [see (18)], cannot explain β < 1. Nevertheless, the discrepancies of the experimental β from the theoretical result of β = 1 are not large. Moreover, for many measurements, the theoretical data are between the experimental results obtained separately for the transversal and longitudinal case, or close to this transversal-longitudinal interval; see especially Al in Table III and Pt in Table IV. The theoretical ratio (17) can be referred to the corresponding experimental ratio obtained from [7] . This gives
The average of s calculated for different metals are given in Table VIII . A perfect agreement between the theory and experiment implies obviously s = 1 .
(22) The metals whose s are, in average, not far from the result in (19) are represented by Al, Co, Pt, Cu, In, also Ag. The remainder of the examined metals (Na, K, Be, Cd, Ga) give much poorer results.
It should be noted that no correction for the effective mass of a metal electron is considered in the paper. Also a kind of preparation of the metal sample, neglected in the present approach, can much influence the ratio s. Moreover, the polycrystalline solids examined with the aid of the present formalism should be expected to give, in general, better s than monocrystals. This is so because the magnetoresistance of monocrystals can be much sensitive to the crystal orientation with respect to direction of the magnetic field; see e.g. [2, 9] .
A special interest is often attached to Bi which, in fact, is a semimetal. At the field of B = 10 kG the experiment shows [7] , in average, ∆ zz
obtained at the measurement temperature of 289 K which is not much different than 273 K. This implies the approximate value of r ≈ 1.
A subsitution of τ (0) = 0.023×10 −14 s (see [5] ), Ω 0 for B = 10 kG from (19) and ξ of (10) into the formula (17) gives 
which is much different from any s presented in Table VIII .
Summary
A change of the electric resistance of a metal, due to the presence of an external magnetic field and measured parallel to that field, is examined theoretically for several metal cases. The data are calculated with the aid of a simple single-band theory in which two relaxation times, that due to the action of the electric field and that dependent on the magnetic field, are separately considered and next combined according to the Matthiessen rule. The calculated results exhibit, in general, a proportionality of the magnetoresistance effect to the strength of the magnetic field induction B.
The magnetoresistance data obtained for individual metal cases are compared with experiment for the longitudinal magnetoresistance, but also, where possible, with the results for the transversal magnetoresistance. In average, a relatively good agreement between experiment and theory is obtained for Al, Pt, Cu, Ag and In metals. In many cases the longitudinal results are not much different from the transversal ones, in accordance with the theoretical expectations.
